Aims/hypothesis Changes in the activity of glucose-excited and glucose-inhibited neurons within the basomedial hypothalamus are key to the central regulation of satiety. However, the molecular mechanisms through which these cells respond to extracellular stimuli remain poorly understood. Here, we investigate the role of 5′-AMP-activated protein kinase (AMPK), a trimeric complex encoded by seven distinct genes of the PRKA family, in the responses to glucose and leptin of each cell type. Methods The activity of isolated rat basomedial hypothalamic neurons was assessed by: (1) recording cellular voltage responses under current clamp; (2) measuring intracellular free Ca 2+ with fluo-3 or fura-2; and (3) developing a neuropeptide Y (NPY) promoter-driven adenovirally produced ratiometric 'pericam' (a green fluorescent proteinbased Ca 2+ sensor) to monitor [Ca 2+ ] changes selectively in NPY-positive neurons.
Introduction
Clinical obesity, an important risk factor for the development of type 2 diabetes, now affects approximately 30% of the US and 20% of the UK adult populations [1, 2] . Currently, however, the behavioural and physiological cues leading to imbalanced food intake and energy expenditure remain poorly defined.
Neurons of the hypothalamic arcuate nucleus that express neuropeptide Y-(Npy) and agouti-related peptide genes, or proopiomelanocortin (Pomc) and cocaine-amphetamine-regulated transcript genes, have been identified as key components of the regulatory mechanism which operates centrally to control satiety [1, 3] . These neurons are targeted by several appetite-regulating hormones, including leptin [3] [4] [5] [6] and ghrelin [7, 8] . In addition, changes in circulating blood glucose concentration also exert direct effects on neurons within this region. Thus, both glucose-excited (GE) and glucose-inhibited (GI) neurons have been identified [9] [10] [11] [12] [13] , and are proposed to overlap, at least in part, with the Pomc-and Npy-expressing populations respectively.
The presence in GE neurons of glucokinase [14, 15] and of ATP-sensitive potassium (K ATP ) channels [11, 15] has led to the proposal that these cells sense changes in the concentration of glucose via a mechanism analogous to that which operates in pancreatic beta cells [16] , involving enhanced oxidative metabolism and mitochondrial ATP synthesis. However, glucose-induced changes in free ATP concentrations appear to be far smaller in hypothalamic neurons than in pancreatic beta cells [17] , suggesting that distinct glucose signalling mechanisms occur in GE neurons. On the other hand, there is little consensus as to the mechanisms by which GI neurons are activated by falling glucose concentrations [13, 14] .
In this report, we examine the potential involvement of 5′-AMP-activated protein kinase (AMPK), an enzyme dubbed the 'fuel gauge' of the mammalian cell [18, 19] . Changes in AMPK activity were recently implicated in the control of food intake in living rodents [20, 21] , although neither the neuronal cell types, nor the events downstream of AMPK activation, were explored in these earlier studies.
Through single cell imaging of intracellular cytosolic free Ca 2+ concentrations ([Ca 2+ ] c ) and measurement of plasma membrane potential, we show that decreases in AMPK activity mimic, and increases in AMPK activity block the effects of glucose and leptin on hypothalamic GI, but not on GE neurons. By developing a neuropeptide Y promoter-driven adenovirally produced ratiometric-'pericam' (a green fluorescent protein [GFP]-based Ca 2+ sensor) [22] , we show that the responses of Npy-expressing neurons to glucose require changes in AMPK activity. AMPK is thus identified as a possible intracellular mediator of the acute effects of satiety factors on GI neurons.
Materials and methods

Materials
We obtained 5-amino-imidazole-4-carboxamide riboside (AICAR) from Toronto Research Chemicals, Toronto, ON, Canada. Compound C was a kind gift from M. Van de Casteele (Diabetes Research Centre, Brussels, Belgium), with permission from Merck Research Laboratories (Rahway, NJ, USA). Tolbutamide and recombinant mouse leptin were from Sigma (Poole, Dorset, UK). All other reagents were from Sigma or BDH (Poole, Dorset, UK).
Isolation and culture of hypothalamic neurons Wistar rat pups, postnatal day 2 to 4 (three per preparation; University of Bristol Medical School breeding facility), were killed by cervical dislocation (in accordance with local ethics committee guidelines). Following decapitation and removal of the brain, the basomedial region of the hypothalamus was isolated and neurons dissociated in HEPES-buffered saline comprising (mmol/l): NaCl 130, KCl 5.4, CaCl 2 1.8, MgCl 2 1, HEPES 10, glucose 3, pH 7.4, as described in detail previously [17] . Cells were resuspended in modified Eagle's medium (glucose 5 mmol/l; Invitrogen Life Technologies, Paisley, UK) supplemented with 5% (v/v) fetal bovine serum (Invitrogen Life Technologies), 5% horse serum (Invitrogen Life Technologies), 2 mmol/l glutamine, 5 μg/ml insulin (Sigma), 50 pg/ml fibroblast growth factor (Sigma), 5 mmol/l HEPES, 10 μg/ml penicillin and 10 μg/ml streptomycin, and spotted on to poly-L-lysine-coated glass-bottomed culture dishes (35 mm diameter; MaTek Corporation, Ashland, MA, USA), before being left to adhere for 1 h at 37°C in a humidified incubator at 5% CO 2 . The medium was then changed to Neurobasal medium (glucose 25 mmol/l; Invitrogen Life Technologies) supplemented with N 2 serum (Invitrogen Life Technologies), 2 mmol/l glutamine, 10 μg/ml penicillin and 10 μg/ml streptomycin. After approximately 5 days, arabinosylcytosine (5 μmol/l, Ara-C; Sigma) was added to prevent overgrowth of glial cells, and experiments were performed 5 to 8 days after isolation [17] .
Generation of NPY-ratiometric-pericam recombinant adenovirus A fragment of the pXCX.Syn1.EGFP vector, a kind gift from J. Uney (Laboratories for Integrative Neurosciences and Endocrinology, University of Bristol, UK) [23] , containing the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE), was amplified by PCR to generate flanking XhoI and XbaI sites. The amplified fragment was then ligated into pCR2.1 (Invitrogen Life Technologies) to generate plasmid pCR2.1.WPRE.pA. pCR2.1.WPRE.pA and the pShuttle vector from the pAdEasy adenovirus generation system [24] were digested with XbaI and XhoI, and the liberated WPRE.pA fragment ligated into pShuttle, giving pShuttle.WPRE.pA. A BamHIXbaI ratiometric-pericam fragment from pcDNA3.ratiometric-pericam [22] was cloned downstream of a 700-bp region of the NPY promoter in pNPY.luciferase [25] , forming pNPY.ratiometric-pericam.
An XbaI-HindIII fragment released from pNPY.ratiometric-pericam was then ligated into pShuttle.WPRE.pA to generate pShuttle.NPY.ratiometric-pericam.WPRE.pA, and adenoviruses generated using the AdEasy system [24, 26] . Amplified adenoviruses were subsequently purified using CsCl-gradient centrifugation (∼372,000 g) overnight at 4°C.
Adenoviral infection
Primary hypothalamic neuronal cultures (cultured for 4 days after isolation) were incubated with purified adenovirus overnight. Fresh neurobasal medium was then added and the cells cultured for a further 48 h in the absence of virus before being used.
Imaging cytosolic free Ca
2+ concentration Cells were loaded with 5 μmol/l fluo-3 or fura-2 (Sigma) for 20 min at 37°C in a solution consisting of (mmol/l): NaCl 140, KCl 5, MgCl 2 1.2, CaCl 2 2, HEPES 10 (pH 7.4) at 37°C plus glucose at the concentration in which recording commenced (indicated in the Figures). Fluorescence was measured by conventional epifluorescence microscopy using an inverted microscope (Olympus IX-70; Olympus, Southall, Middlesex, UK) and an illumination system (Till Photonics, Munich, Germany) (×40 oil-immersion objective; Olympus U-APO/340, numerical aperture=1.35; 490 nm dichroic mirror). Excitation at 340 and 380 nm for fura-2 (10 ms exposure, 0.2 frames/s), 410 and 480 nm for ratiometric-pericam (15 or 20 ms exposure, 0.2 frames/s), or at 488 nm for fluo-3 (20 ms exposure, 0.2 frames/s) was achieved using a monochromator (Polychrome IV; Till Photonics). Emission at wavelengths >515 nm was detected with an Imago SensiCam KL320 charge-coupled device camera (Till Photonics), and data acquisition was performed using TillVision software (Till Photonics) [27] .
The apparent [Ca 2+ ] c responses of neurons were determined by calculating the AUC for changes in fluorescence (fluo-3) or fluorescence ratio (fura-2 and ratiometricpericam) after appropriate corrections for background and time-dependent dye loss/bleaching (fluo-3, <5% in 40 min).
AUC values were normalised to values in 1.0 mmol/l glucose (set at 100%) as indicated in the figures.
Electrophysiology Whole-cell perforated patch recordings were made at 18 to 22°C using an amplifier (EPC9; HEKA Electronik, Lambrecht, Germany). Potentially glucoseresponsive cells were identified by monitoring [Ca 2+ ] c after loading cells with fluo-3 (at 0 or 1.0 mmol/l glucose). Fluorescent cells were imaged using a Photek ICCD (Photek, East Sussex, UK) imaging system attached to a Zeiss X-70 Axiovert inverted microscope (×40 objective; Carl Zeiss Microscopy, Welwyn Garden City, Herts, UK). All electrophysiology experiments began with cells held at low (0 or 1 mmol/l) glucose concentrations. Borosilicate glass (Harvard Apparatus, Kent, UK) recording electrodes (resistance 3-6 MΩ) were front-filled with an intracellular solution consisting of (mmol/l): potassium gluconate 130, KCl 10, MgCl 2 0.1, CaCl 2 0.05, EGTA-Na 3 0.5, HEPES 10 (an osmolarity of 295-310 mosmol/l was achieved by adjusting with sucrose; pH 7.2). Electrodes were then backfilled with intracellular fluid (composition as above) containing amphotericin B (225 μg/ml; Sigma). The bath solution consisted of the following (mmol/l): NaCl 135, KCl 5, CaCl 2 1, MgCl 2 1, HEPES 10, glucose 1.0 or 15 (an osmolarity of 295-300 mosmol/l was achieved by adjusting with sucrose; pH 7.4). Additions to the bath were made via the perifusion system.
Data were recorded in current clamp mode (continuous recording sample interval 10 kHz) using Pulse computer software (HEKA Electronik). Membrane potentials were set at −55 mV for each neuron before beginning continuous recording of action potentials in actual experiments.
Immunocytochemistry Cells were fixed in 4% (w/v) paraformaldehyde and permeabilised with 0.2% Triton X-100, as described previously [28] . Incubation with primary antibodies (4°C) overnight was as follows: rabbit anti-AMPK-pan-α (1:400; Upstate, Milton Keynes, UK); sheep anti-AMPK-α2 (1:40), produced as described previously [27] ; goat anti-NPY (1:50-1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA); and monoclonal mouse anti-POMC (1:500; a kind gift from R. Oliver, University of Manchester, UK). Treatment with secondary antibodies for 30 min was as follows: anti-goat alexa-568 (also used for the sheep primary antibody), anti-rabbit alexa-488, and anti-mouse alexa-568 (all 1:1,000; Invitrogen Life Technologies). Imaging was performed using a Leica TCS-NT confocal laser scanning microscope (Leica Microsystems, Milton Keynes, Bucks, UK) fitted with a ×40 oil-immersion objective lens.
Statistical analysis Data are given as mean±SEM for the number of cells indicated, and statistical significance was calculated using ANOVA, followed by a Newman-Keuls test (Graphpad Prism; Graphpad Software, San Diego, CA, USA). Error bars in the figures show SEM for each condition and *p<0.05, **p<0.01, ***p<0.001.
Results
Forced increases in AMPK activity reverse the inhibition by glucose of electrical activity and Ca 2+ oscillations in GI neurons, but do not affect the activity of GE or non-glucose-responsive neurons Since the concentrations of glucose to which hypothalamic neurons are exposed remain controversial [29] [30] [31] , we used here a range which covered or exceeded expected physiological fluctuations in this parameter [12, 17, [29] [30] [31] [32] . Thus, transitions from 0 or 1.0 to 15 mmol/l glucose were chosen to identify glucosesensing neurons. Importantly, this was expected to allow neurons which respond to relatively high concentrations of glucose (5-20 mmol/l) [31] to be included in the study.
As in previous reports, changes in [Ca   2+ ] c were used as a convenient surrogate for the electrical activity of these cells [14, 17, 33] , although it is acknowledged that alterations in Ca 2+ uptake and release from intracellular stores may contribute to the observed responses. GI neurons were identified as those in which a decrease in glucose concentration from 15 to 1.0 or 0 mmol/l led to an increase in [Ca 2+ ] c (determined as described in Materials and methods; Fig. 1a ), while GE neurons were identified as those which showed a decrease in [Ca 2+ ] c in response to this fall in glucose concentration (Fig. 1c) .
In these experiments, 5% of neurons (nine out of 180 from seven separate preparations of fluo-3-loaded cells, and three out of 60 from four separate preparations of fura-2-loaded cells) exhibited responses typical of GI neurons [9, 14, 34] . Addition of the AMPK activator AICAR (400 μmol/l; [27] ) at 15 mmol/l glucose activated all of these GI neurons (n=12/12 cells from 11 separate preparations; Fig. 1a,b) . In contrast, 8% of neurons (five out of 60 cells from four separate preparations of fura-2-loaded cells) were identified as GE neurons [9, 11, 14, 34] , and in none of these cells was the response to glucose affected by AICAR (Fig. 1c,d) . Similarly, AICAR exerted no effect on non-glucose-responsive neurons (Fig. 1e,f) .
In order to further explore the possible role of AMPK in mediating the effects of low glucose concentrations on GI neurons, we investigated directly the cells' electrical responses to changes in glucose concentration or forced changes in AMPK activity. Immediately prior to performing amphotericin perforated patch-clamp recordings, potentially glucose-responsive neurons were identified as those having >20% higher basal Ca 2+ levels than the population mean as assessed by fluo-3 fluorescence.
Addition of AICAR (400 μmol/l) was sufficient to activate GI neurons at elevated (15 mmol/l) glucose (response to AICAR: n=4/4 GI neurons from four separate preparations; Fig. 2a,b) . In contrast, the electrical activity of GE neurons was unaffected by AICAR (n=3/3 GE neurons from three separate preparations; Fig. 2c,d) , consistent with the failure of this agent to affect Ca 2+ oscillations in these cells (see above).
Application of the selective AMPK inhibitor Compound C [35, 36] at 1.0 mmol/l glucose suppressed the activity of GI neurons (n=5/5 GI neurons from four separate preparations; Fig. 3a,b) . In contrast, addition of Compound C had no consistent effects on the activity of GE or other neuronal subtypes (data not shown).
Leptin suppresses the activation of hypothalamic GI neurons by low glucose concentrations: reversal by Examined at 1.0 mmol/l glucose, leptin (10 nmol/l; [12] ) caused a dramatic and rapid decrease in the frequency and amplitude of [Ca 2+ ] c oscillations in the majority of GI neurons sampled (n=7/9 GI neurons from eight preparations; Fig. 4a ). One GI cell displayed no detectable change in [Ca 2+ ] c in response to leptin, and in one further cell [Ca 2+ ] c was increased; the latter was excluded from the analysis shown in Fig. 4b . Inhibition by leptin was reversed by AICAR in the majority of GI neurons (n=4/5 GI neurons from seven preparations; Fig. 4c,d) . Consistent with previous reports [12, 37, 38] , leptin exerted mixed effects on the activity of GE neurons. The effects of AMPK manipulation on leptin-induced Ca 2+ responses were not, therefore, examined further in GE cells. 2+ ] c in NPY neurons Previous reports using post-fixation immunocytochemistry have indicated that some, but not all, arcuate nucleus GI neurons produce NPY [33, 39, 40] . In the present studies, only ∼3% of neurons (11 of 350 cells) stained positively for NPY, while ∼5% of neurons (33 of 710 cells) were glucoseinhibited, comparable to recent measurements by others using similar culture conditions [41] . Thus, a maximum of 60% of GI neurons in these cultures were likely to be NPYpositive. To explore therefore the involvement of AMPK in glucose-sensing in NPY and agouti-related peptide neurons, we constructed a recombinant adenovirus producing the GFP-based fluorescent Ca 2+ indicator protein ratiometricpericam [22] under the control of the NPY promoter. As expected, neurons producing the NPY-promoter-driven ratiometric-pericam were also positive for NPY immunore- activity (n=7/7 cells; Fig. 5a,b) , but negative for POMC immunoreactivity (Fig. 5b) .
Glucose-induced changes in [Ca
Glucose deprivation (1.0 vs 15 mmol/l glucose) increased apparent [Ca 2+ ] c in 80% of Npy-expressing neurons (n=4/5 Npy-expressing neurons from four separate preparations; Fig. 5c,d) . Indicating that the effects of glucose were likely to involve changes in AMPK activity, the presence of Compound C (15 μmol/l) for the duration of these experiments prevented the subsequent activation of these Npy neurons by low (1.0 mmol/l) glucose concentrations (n=3/3 neurons; Fig. 5e,f) . Similarly, pre-treatment of cells with AICAR (400 μmol/l) also prevented a further activation of Npy neurons by low glucose concentrations (n=3/3 neurons; Fig. 5g,h ). We would note that the peak of the response to AICAR is likely to be observed during the pre-incubation period in these experiments, such that Ca 2+ levels had dropped to close to basal before recordings (Fig. 5g,h ). Nevertheless, it seems likely that the persistent activation of AMPK in the AICAR-treated cells explains the absence of a subsequent Ca 2+ response upon shifting to 1.0 mmol/l glucose.
Discussion
Although reported direct measurements of glucose in the ventromedial hypothalamus have ranged between 0.5 and 2.5 mmol/l [29, 30] , the glucose concentrations to which glucose-sensing neurons are exposed remain controversial.
Importantly, the position of glucose-sensing neurons in the arcuate and ventromedial nuclei of the hypothalamus means that they and their projections may be in close association with the median eminence, where the blood-brain barrier is necessarily 'leaky' to allow the release of hypothalamic hormones and the action of circulating peptides [42] , and where glucose concentrations may therefore approach blood levels. Although in this study we used concentrations of glucose that may lie outside the physiological range of brain glucose concentrations, within these constraints we nonetheless provide data that implicate changes in AMPK activity in glucose sensing by GI neurons, as discussed below.
Recent work in whole animals has demonstrated a likely role for AMPK in the regulation by glucose and leptin of hypothalamic neurons, and hence feeding behaviour [20, 21, [43] [44] [45] , at least in the long term (days/weeks). These earlier studies demonstrated changes in AMPK activity and phosphorylation state in the basomedial hypothalamus in response to intracerebroventricular introduction of glucose or leptin, and showed reciprocal effects of AMPK activation or inhibition on feeding behaviour. Importantly, however, the sub-types of neurons in which changes in AMPK activity may be important were not fully defined, nor was it established whether AMPK may influence the acute responses (membrane de/hyper polarisation, Ca 2+ oscillations) to satiety factors of the implicated cells. The principal aim of the present work was to address these two issues.
To this end, we used cultures of hypothalamic neurons in which GI and GE neurons are retained, albeit at somewhat reduced numbers (∼5% and 7% of total for GI and GE neurons, respectively) compared with freshly isolated slice preparations (reported to be ∼3-20% for GI, and ∼20% for GE) [13-15, 17, 41] . This variation in the published values probably reflects in part the size of the hypothalamic region taken for cell isolation. In the present study, the region taken included both the ventromedial and arcuate nuclei, but the presence of some neurons from neighbouring nuclei cannot be excluded. As such, the proportion of glucose-regulated cells is expected to be somewhat lower than some of the above published values, where one of the nuclei was investigated selectively. Moreover, an ex vivo cell culture preparation whose characteristics have in large part previously been defined [17] was adopted here to permit the introduction of a targeted recombinant Ca 2+ probe into a selected neuronal sub-population by adenoviral gene delivery. We would stress, however, that changes in the glucose-sensing mechanisms of these cells [41] , as well as cell-cell interactions and interactions with neighbouring astrocytes [17] , may well occur upon isolation and culture, thereby affecting the observed responses.
For each of the questions posed, individual groups of experiments were performed on at least three (electrophysiology) or four to eleven (Ca 2+ imaging) independent isolations, each involving twelve separate cultures of neurons. In this way, we were able to obtain sufficient data from a relatively limited supply of glucose-regulated cells in the basomedial hypothalamus to perform statistically validated comparisons. Preliminary experiments (see Electronic supplementary material [ESM] Fig. 1 ) suggested that opening of K ATP channels could be involved in the activation of only a minority of GI neurons by low glucose concentrations (for a more detailed explanation of these studies see ESM, Results section). By contrast, we demonstrated in the main study that changes in AMPK activity are likely to mediate K ATP channel-independent effects of glucose on GI, but not on GE neurons. Although in the present studies we were unable to readily monitor changes in AMPK activity or α-subunit phosphorylation at the regulatory site (Thr 172 ) at the single cell level (unpublished data, P. D. Mountjoy, G. A. Rutter), the cell permeant AMPK activator AICAR mimicked the effects of low glucose on GI neurons. This effect was probably mediated by activation of AMPK, given that the alternative effects of AICAR (e.g. increasing extracellular adenosine and consequent activation of adenosine receptors) [46] appear unlikely to be involved in neurons in this region of the hypothalamus [47] . Conversely, suppression of AMPK activity with the selective AMPK inhibitor Compound C reversed the effects of low glucose on GI neurons. Hence, two pharmacological agents expected to exert opposing effects on AMPK activity also caused opposing changes in the activity of GI neurons, implicating this enzyme as the common target.
We would emphasise that genetic manipulation of neuronal AMPK activity with currently available adenoviruses [27] expressing active or dominant-negative AMPK under the cytomegalovirus promoter was not feasible in the current study. Infection with these viruses led to only weak expression in neurons (data not shown). By contrast, use of a single cell-type-specific promoter (e.g. NPY) to drive AMPK production was not considered a viable approach given the apparent cellular heterogeneity of the GI neuron population (see below).
By developing a molecularly targeted probe (NPYratiometric-pericam), we show that the majority of Npyexpressing neurons are likely to be GI in nature, and to be regulated by glucose and leptin through changes in AMPK activity. Since 80% of Npy-expressing neurons were inhibited by elevated glucose concentrations (Fig. 6a) , and since 3% of neurons in culture were NPY-positive, approximately 2% of basomedial hypothalamic neurons are likely to be Npy-expressing and GI in nature. Given that ∼5% of neurons in culture are GI, ∼40% of the GI neurons in the basomedial hypothalamus are likely to express Npy (assuming a decrease of glucose sensitivity upon cell culture) [41] (Fig. 6b) . Although the present study identified AMPK as being involved in glucose-sensing by Npy-expressing GI neurons in cultured hypothalamic neurons, these findings also raise the possibility that Npyexpressing GI neurons could play a role in the recently identified effects of AMPK activation or inhibition on satiety and feeding in vivo [20, 21] .
Accordingly, intracerebroventricular injection of adenovirus encoding activated or inactive (dominant-negative) forms of AMPK [20] has previously been shown to affect NPY production in the hypothalamus. It remains to be explored whether the control of these two processes, i.e. electrical activity and Npy gene expression, are linked, although the present data would be consistent with mechanisms whereby changes in nuclear [Ca 2+ ] [48] or secretion of NPY, followed by an autocrine action of the hormone, led to alterations in Npy expression. Interestingly, the involvement of the transcriptional co-activator CREB-regulated transcription coactivator 2 (also known as TORC2), a known target of AMPK [49] , in the control of Npy expression appears unlikely, given that AMPK activation at low glucose is expected to cause nuclear exclusion of this factor. Fig. 6 Proportions of Npy-expressing, GI, and Npy-expressing GI neurons in hypothalamic neuronal cultures. Proportions of Npyexpressing neurons were determined by immunocytochemistry, proportions of GI neurons were determined by [Ca 2+ ] c imaging with fluo-3 or fura-2, and proportions of Npy-expressing GI neurons were determined using the NPY-ratiometric-pericam adenovirus described in Fig. 5 . a White regions represent NPY positive, GI, or NPYpericam producing GI neurons respectively in the first, second and third bars (from the left). Grey regions represent NPY negative, non-GI, and NPY-pericam producing non-GI neurons respectively in the first, second, and third bars (from the left). Dark, grey and white shading (b): NPY, NPY/GI and GI respectively It has previously been suggested that suppression of AMPK activity is required for the anorexigenic effects of leptin [20] . In the present study, activation of AMPK was shown to reverse the leptin-induced inhibition of GI neurons in the majority (4/5, 80%) of GI neurons examined. These results potentially indicate that leptin exerts its inhibitory effects through the suppression of AMPK activity, and subsequent plasma membrane hyperpolarisation in GI (including NPY-positive) neurons. However, further studies are required to determine whether such a mechanism operates physiologically.
Based on the data presented here, we propose that AMPK may be involved in the activation of GI neurons at low glucose concentrations via one or more of the following mechanisms (Fig. 7) . As glucose concentrations fall, the rate of sugar uptake through solute carrier family 2 (facilitated glucose transporter), member 3 (also known as GLUT3) [15] and metabolism via glucokinase and the glycolytic pathway [14] will fall. The resultant increase in the AMP : ATP ratio is then expected to activate AMPK [18] . By contrast, leptin's actions are probably mediated by its binding to the leptin receptor b isoform [15] . However, whether this leads to changes in the AMP : ATP ratio is unclear.
By what means may changes in AMPK activity affect action potential firing and Ca 2+ oscillations? One potential mechanism is the inactivation of plasma membrane Cl − channels [13] , possibly via phosphorylation of these channels by plasma membrane-associated AMPK α2 (see ESM, immunocytochemical results; ESM Fig. 2 ). Alternative mechanisms include the phosphorylation by AMPK of well-defined metabolic enzyme targets such as acetyl-CoA carboxylase [18] . The resultant decreases in intracellular malonyl-CoA levels and increases in long chain acyl-CoA disposal by β-oxidation may then lead to changes in ion channel, and consequently electrical activity. Long-chain acyl-CoAs have previously been shown to activate K ATP channels in pancreatic beta cells [50] , and to have direct effects on the ryanodine-sensitive Ca 2+ release channel [51] . Consequently, potential actions of long-chain acylCoAs on the aforementioned Cl − channel proposed to be involved in glucose-sensing by GI neurons [13] seem to be conceivable. In support of the latter hypothesis, fatty acid synthase inhibitors have been shown to cause weight loss in rodents by increasing hypothalamic malonyl-CoA levels [52] . Irrespective of the mechanisms involved, enhanced release of the orexigenic peptide NPY could act via a series of 'second-order' neurons to regulate cerebral cortex and autonomic preganglionic neurons involved in controlling feeding behaviour [3] , and possibly affect counter-regulatory responses to regulate blood glucose levels [44] .
